Background: Gastroschisis patients are commonly small for gestational age (SGA, birth weight [BW] < 10 th centile). However, the extent, symmetry and causes of that growth restriction remain controversial.
Background
Gastroschisis is a unique congenital anomaly appearing as a defect in the abdominal wall usually to the right of the umbilicus. It commands increasing interest because of its rising prevalence [1] [2] [3] [4] and clinical impact [5, 6] . Most gastroschisis cases present with an isolated anomaly, which develops around the 6 th gestational week [7] and is not usually associated with chromosomal abnormalities [8, 9] . However, almost all studies report gastroschisis patients have an increased risk of being small for gestational age (SGA, birth weight [BW] < 10 th centile) [6, [10] [11] [12] [13] . Previous fetal studies reported not only a high prevalence of SGA (up to 61%), but also a leftward shift in the BW distribution compared to intrauterine fetal growth curves [11, 13] . Determining the appropriate comparison standard for gastroschisis cases may not be straightforward, since these patients' mothers have a unique demographic profile that may differ from that of the population from which the standards were developed [14] [15] [16] [17] [18] [19] . Mothers of gastroschisis patients are more likely to be young, primigravida, undernourished, smokers, and tend to have a low BMI, [2, [15] [16] [17] [18] [19] all factors that are also associated with decreased intrauterine growth [20] and which might confound any association of gastroschisis with intrauterine growth. The extent, symmetry and causes of growth restriction remain controversial. The purpose of this study was to characterize and quantitate the fetal growth restriction in gastroschisis and to explore the role of placental dysfunction as a cause of this growth deficit.
Methods

Study design
This retrospective, case-control study was a secondary analysis of data collected on all newborns admitted to the NICUs of Children's Hospitals and Clinics of Minnesota. We conducted four analyses in this study. Analysis #1) We compared BW, crown-heel length (LT), occipitofrontal circumference (OFC), and ponderal index (PI) at birth in gastroschisis cases to that in matched controls without major congenital anomalies and to neonatal and fetal growth standards [21] [22] [23] [24] . Analysis #2) We examined the same measures of size at birth comparing gastroschisis patients to other groups of anomalies: a) isolated gastrointestinal (GI) anomalies other than gastroschisis, b) isolated renal anomalies, c) isolated cardiac anomalies, d) chromosomal anomalies, e) all other anomalies, and f) those with no recorded, major anomaly ( Figure 1 ). Analysis #3) We examined estimated fetal weight determined by prenatal ultrasound in gastroschisis patients. Analysis #4) Finally, we examined placental findings in gastroschisis patients and controls.
Subjects
Our study population was live-born patients with gastroschisis. The study sample included all gastroschisis cases admitted to Children's Hospitals and Clinics of Minnesota either at the Minneapolis campus from 1 January 1990 to 31 Figure 1 Flow diagram showing the total study population, exclusions, and final sample sizes. Percentages are calculated using the total number of available patients before exclusions.
( Table 1) . Since half of all gastroschisis patients are born at ≤36 weeks gestation and virtually all infants with gestational age ≤36 weeks gestation are admitted to a NICU, controls came from the same NICU population as cases (N = 28,368, Figure 1 ). We excluded potential controls with missing data (N = 4315, 15.2%) or major anomalies (N = 5091, 17.9%) (Figure 1 ). For the purposes of this study, the following recorded diagnoses and procedures represented or potentially represented major anomalies: renal malformations, congenital heart disease (excluding patent ductus arteriosus), central nervous system malformations, chromosome abnormalities, major skeletal anomalies, recognizable dysmorphic syndromes and thoracic, abdominal, head/neck, or heart surgery. No congenital infections were diagnosed in cases or controls. To minimize the risk of bias in controls' growth measures, [25, 26] we included only patients with admission diagnoses unlikely to be associated with abnormal intrauterine growth: prematurity, respiratory distress, R/O sepsis, unstable temperature, and "observation status."
For the 2 nd analysis, we examined additional patient groups with isolated renal (N = 37), GI anomalies other than gastroschisis (N = 130), cardiac (N = 405), chromosomal (N = 479) and any other congenital anomaly (N = 4040, Figure 1 ). Isolated renal anomalies included 26 cases with hydronephrosis and 11 cases of multicystic/ polycystic kidneys. Isolated GI anomalies included imperforate anus-52 cases, Hirschsprung's Disease-47, and intestinal atresia-31. The three most commonly recorded cardiac diagnoses were d-transposition of the great arteries-114, hypoplastic left heart syndrome-74, and aortic coarctation-63 cases. The three most common chromosomal anomalies were trisomy 21-225, trisomy 18-31, and trisomy 13-16 cases. All remaining patients with major anomalies were included in the final group of "any other major anomaly". These four groups of major anomalies and the gastroschisis cases were compared to the 15,788 patients without major anomalies ( Figure 1 ).
For the 3 rd analysis using prenatal ultrasound data, there were 80 women with at least one available ultrasound evaluation. For the 4 th analysis, there were 31 gastroschisis and 29 control patients with available placental tissue.
Neonatal clinical data
Data were collected concurrent with hospitalization as part of an ongoing NICU outcomes monitoring project. BW, LT, and OFC were obtained by NICU nurses and neonatal nurse practitioners. Prenatal ultrasounds were interpreted by board-certified perinatologists. Fetal weight estimates were based on the standards of Hadlock, et al [14] . A board-certified pathologist (MAA) or pediatric pathologist (SCS) reviewed placental histological findings. Placental weight was obtained after draining, trimming, and patting the placenta dry. The placental weight z-score was calculated using published standards [27, 28] .
Clinical definitions
Gestational age came from obstetrical estimates based on last menstrual period and corrected by early second trimester ultrasound, if available. If physical exam indicated a gestational age > 2 weeks different from the obstetrical estimate, the estimate from the physical exam was used. Small for gestational age (SGA) was defined as BW < 10 th centile [21] . Ponderal index (PI), average neonatal weight gain and fetal growth were assessed using published standards [24, 28, 29] . Ponderal index was defined as weight in kg divided by length in meters cubed [23] . Gestational hypertension and preeclampsia were determined by the treating obstetrician's assessment and collapsed into a single group, gestational hypertension. Maternal smoking, a dichotomous variable, was determined by the mother's report as present if the mother smoked after she knew she was pregnant.
Placental analysis
We examined the original slides of available placentas to determine the presence of abnormalities. All slides were examined by a board-certified pediatric pathologist (SCS). The diagnosis of chorangiosis, capillary proliferation in placental terminal villi, was made using the definition of Altschuler and Baergen [30, 31] with slight modication as follows: 1) Focal chorangiosis was defined as > 10 capillaries in > 10 terminal villi in 10 fields at 10× magnification in each of 1-2 of 3 slides. Diffuse chorangiosis was defined as > 10 capillaries in > 10 terminal villi in 10 fields at 10X magnification in each of 3 slides. Chorangiosis usually represents chronic hypoxic environment for the fetus and manifests an attempt to enlarge the placental diffusional surface [30, 31] .
Statistical analysis
For the 1 st analysis, we compared cases with matched controls using univariate conditional logistic regression for dichotomous and categorical variables. Continuous variables were compared by the paired t-test after averaging values for the five controls, thus consolidating the five controls' values into a single value. BW distributions of cases and controls were analyzed using the Kolmorogov-Smirnov test. We adjusted for possible covariates using multiple linear regression. We included in the regresion equation all available variables that were associated with BW by univariate analysis with a p-value < 0.10 or that might reasonably influence BW [20] . Substantial collinearity was not present (variance inflation factors, 1.02 -1.71). Gestational age, gender, and multiple gestation accounted for 50% of the variation in BW. These variables were not included in the regression analysis because they were perfectly matched among cases and controls. The regression equation without these variables explained 10% of the variation in BW and LT, 9% of the variation in OFC and 7% in the variation of PI. Our study had >99% power to detect a ≥10% difference in the mean BW of gastroschisis patients and controls at the p = 0.05 level. For analysis #2, we also used multiple regression to compare the different groups with anomalies to the group without anomalies. We included the same covariates as above and added gender, gestational age and multiple gestation, since these data were not matched. Variance inflation factors were 1.01 -1.13. Regression results accounted for 82%, 81%, 78% and 10% of the variation in BW, LT, OFC, and PI respectively. For analysis #3, we used univariate descriptive statistics and sign ranks tests to compare prenatal ultrasound estimates of fetal weight and birth weight. For analysis #4, we used the Fisher exact test to compare placental findings in cases and controls. We used only 2-sided p-values and made no adjustment for multiple comparisons. All analyses were performed with Stata, version 11.1 (College Park, TX).
Results
Patient population and demographics
We identified 179 gastroschisis cases to whom we matched 895 controls (5:1 ratio, Figure 1 ) with the following admission diagnoses: respiratory distress (N = 390), prematurity (N = 353), rule out sepsis (N = 67), need for observation (N = 72), and unstable temperature (N = 13). Mothers of gastroschisis cases were significantly younger, more commonly single, Asian, primigravid, and less likely to have gestational hypertension compared to mothers of controls (Table 1) . Gastroschisis cases were more likely to be inborn, SGA and have minor anomalies (in addition to gastroschisis) compared to controls (Table 1) . Examples of these relatively minor anomalies were supernumerary digit, talipes equinovarus deformity, and cyst in filum terminale. SGA was more common among gastroschisis patients across all maternal age groups (Figure 2 ).
#1 Analysis: Case-control comparison
Mean BW of gastroschisis cases was 350 grams less than controls (Mean ± standard deviation [sd]), 2400 ± 502 vs. 2750 ± 532 grams, p < 0.001). The BW frequency curve for gastroschisis cases was shifted to the left compared to controls, suggesting that gastroschisis cases overall had significantly lower BW than controls ( Figure  3 , Kolmogorov-Smirnov test, p < 0.001). Generalized Lorenz graphs of the cumulative mean birth weight also demonstrated this difference (Figure 4) . Similarly, mean length was 2.7 cm shorter (LT 45.7 ± 3.3 vs. 48.4 ± 2.7 cm, p < 0.001) and mean OFC was 1.0 cm smaller (31.9 ± 1.9 vs. 32.9 ± 1.6 cm, p < 0.001) than controls ( Table  1 ). The PI was slightly higher than that of controls (2.51 Kolmogorov-Smirnov test confirmed that this difference was significant (p < 0.001). vs. 2.40, p < 0.001). These findings were consistent with relatively symmetric growth restriction. Since the gastroschisis babies who were severely growth restricted, BW < 10 th centile, might skew the analysis, we repeated the comparisons after eliminating the 44 SGA cases and their associated controls. Gastroschisis cases were still lighter by 199 g (2530 ± 489 vs. 2729 ± 563 g, p < 0.001), shorter by 1.9 cm (46.4 ± 3.1 vs. 48.3 ± 2.8 cm, p < 0.001), and had a smaller OFC by 0.6 cm (32.2 ± 1.9 vs. 32.8 ± 1.7 cm., p < 0.001) compared to controls. Similarly, PI was again very slightly higher in cases than controls (2.5 ± 0.4 vs. 2.4 ± 0.2, p < 0.001). Growth restriction occurred across the BW distribution of gastroschisis patients whether or not they met the technical definition of SGA (Figure 3) .
We then adjusted for other demographic features that might confound the association of poor fetal growth and gastroschisis. Black race, Asian race, maternal hypertension, illicit drug use and nulliparity were all negatively associated with BW (Table 2 ). Maternal diabetes was positively associated with BW. After adjustment for potential confounders, there remained a 317 g reduction in BW (95%CI = -415, -218, p < 0.001), a 2.5 cm reduction in LT (95% CI = -3.1, -1.9, p < 0.001), 0.8 cm reduction in OFC (95% CI = -1.1, -0.5), and a similar increase in PI of 0.1 (95% CI = 0.03, 0.17, p = 0.006) with gastroschisis compared to controls (Table 2 ). There was an interaction between gastroschisis and gestational age. From 33 to 38 weeks gestation, the BW difference between cases and controls increased from -148 g to -616 g (7% to 18% of controls' BW, Figure 5) . Therefore, gastroschisis patients became progressively lighter compared to controls of the same gestational age.
Slow neonatal growth exacerbated slow intrauterine growth. Mean weight gain for gastroschisis cases was 6.5 g/kg/day. Gastroschisis cases dropped from a mean BW z-score of -0.65 ± 0.86 (31st centile) at birth to -0.94 ± 0.79 (23rd centile) at discharge. Although cross-sectional birth weight standards are not designed to measure longitudinal growth, our findings suggested that postnatal growth deficits compounded those occurring before birth in gastroschisis cases.
#2 Analysis: Comparison of gastroschisis and other patients with anomalies
We then examined intrauterine growth restriction in gastroschisis cases compared to other patients with major anomalies (Table 3) . Gastroschisis, chromosomal anomalies and isolated congenital heart disease were all associated with significantly lower BW when compared to those without major anomalies. After adjusting for covariates by multiple regression analysis, gastroschisis was associated with a 312 g (CI 368, 259; p < 0.001) reduction in BW compared to infants with no major anomalies. The BW reduction associated with gastroschisis was somewhat larger than that seen with chromosomal anomalies (234-g reduction, CI -285, -182; p < 0.001 grams). LT and OFC showed similar differences before (Table 3 ) and after adjustment for covariates (data not shown). Gastroschisis was unique among the groups of anomalies that we examined in causing severe growth restriction, similar in degree to that seen with chromosomal abnormalities.
#3 Analysis: Onset of decreased intrauterine growth
We reviewed the prenatal ultrasounds of 80 women pregnant with a baby with gastroschisis. Their first ultrasound was obtained at a median of 26 weeks (range 21 -38) gestation. At the first ultrasound, almost all gastroschisis patients had a low estimated fetal weight (median estimated fetal weight centile = 27, range 3 -70). Among those with more than one fetal ultrasound, 32/54 (59%) had either a drop or no change in estimated fetal weight centile between the first and last fetal weight estimate. The mean (±sd) time between the first and last fetal ultrasound was 9 ± 3 weeks. Fetal growth restriction appeared by at least the second trimester and generally worsened as gestation advanced.
We then compared estimated fetal weight percentile and birth weight percentile in the 61 women who had an ultrasound within 3 weeks of delivery (Table 4) . Estimated fetal weight was lower than actual birth weight, but this was probably attributable to the interval between the last ultrasound measurement and delivery. Estimated fetal weight percentile and measured birth weight percentile did not differ (Table 4 ).
#4 Analysis: Placental abnormalities associated with gastrochisis cases
We examined the placental weight, placental weight zscores and histology in the 31 available placentas from gastroschisis cases and from 29 controls. There was no significant relationship between placental wt z-score and BW z-score (R = 0.204, p = 0.063). However, placentas of gastroschisis cases had a significantly higher prevalence of chorangiosis (81% vs. 41%, p = 0.003) and villous edema (33% vs. 0%, p = 0.005), but not chorioamnionitis (42% vs. 48%, p = 0.796, Table 5 ). Even after removing SGA patients (chorangiosis is associated with SGA), placentas from gastroschisis patients still had chorangiosis more frequently than controls (77% vs. 42%, p = 0.02). Representative photomicrographs of chorangiosis in the placenta associated with a gastroschisis case and no chorangiosis in a control appear in Figures 6 and 7 , respectively. Among patients with chorangiosis, only one (a gastroschisis case) infant's mother had diabetes, a condition also known to be associated with chorangiosis. No other significant findings were seen, such as infarcts or fibrinoid deposition.
Discussion
Our study further characterizes the association of poor fetal weight gain and gastroschisis that has been reported by others [5, 6, [10] [11] [12] [13] [32] [33] [34] . Intrauterine growth restriction of some degree often accompanies gastroschisis, even when the BW percentile is > 10 th percentile [11] . In many cases, the degree of growth restriction is marked. The adjusted mean growth deficit with gastroschisis was 317 g. This growth deficit could not be explained by maternal factors, which might be common to mothers delivering a baby with either gastroschisis or with growth restriction associated with another condition [17, 18] . Our limited prenatal ultrasound data suggested that growth restriction began early in the second trimester and worsened with increasing gestation. This is consistent with others' observations [10] [11] [12] [13] . Taken together our data confirm that intrauterine growth restriction is a near universal finding with a gastroschisis defect. Figure 5 Adjusted mean BW of gastroschisis cases (black line) and controls (gray line) by gestational age with the 95% confidence intervals represented by the error bars. The 10 th and 50 th centiles were obtained from published standards [24] . BW was adjusted using the regression equation from Table 2 and included maternal race, cigarette smoking, GHP, recreational drug use, previous pregnancies and inborn status. From 33 weeks to about 38 weeks gestation, gastroschisis cases weighed progressively less than controls, changing from -148 grams to -616 grams. The percentage of BW deficit in gastroschisis cases increased from 7% at 33 weeks gestation to 18% at 38 weeks. The small number of patients available for analysis prior to 33 and after 38 weeks resulted in wide confidence intervals and potentially unreliable estimates.
The degree of intrauterine growth restriction was actually greater than that seen with chromosomal anomalies. The ponderal index was very slightly increased, consistent with a reduction in length that was proportional to the reduction in weight. The relatively symmetrical nature of the growth restriction probably reflects early onset [35] . Compounding intrauterine growth deficits, GI dysfunction contributes to suboptimal nutrition after birth in the neonatal period [5, 6, 36] .
Our findings imply that gastroschisis patients, because of their marked intrauterine growth restriction, are at increased risk for cardiovascular disease, adult-onset diabetes, and perhaps most importantly, intellectual disability [37, 38] . Leonard, et al., found that growth restriction increased the odds of intellectual disability by about 71% in a large Australian cohort [38] . Most gastroschisis patients are born in the late preterm period (mean gestational age at birth = 36 weeks). Late preterm birth has also been associated with adverse cognitive and socioemotional outcomes [39] . Gastroschisis patients warrant close monitoring for developmental and intellectual problems throughout childhood [40, 41] .
Our study extends pathogenetic considerations to include the placenta. Placental histology suggested that placental dysfunction may contribute to growth restriction. Chorangiosis and severe villous edema were more common in gastroschisis patients than in controls. Chorangiosis is an increase in vascular channels in the terminal villi of the placenta. It is thought to represent fetal hypoxemia and the placenta's attempt to improve a There were 61 women who had an ultrasound exam at ≤ 3 weeks before delivery b P-value determined by signed-rank test. The data were skewed and therefore non-parametric tests were used for this small data set. c Interquartile range.
gas exchange across the terminal villi [31] and takes weeks to develop. It has been associated with delivery at high altitude, severe maternal anemia, and diabetes mellitus [31, 32] . Villous edema also suggested placental dysfunction. In a separate study, we found evidence that gestational hypertension is less common in the mothers of gastroschisis patients [42] . The placenta plays a central role in the development of gestational hypertension [43] . It is unclear how the development of gastroschisis in the fetus might be associated with decreased gestational hypertension in the mother. The placenta is often small in cases of gestational hypertension associated with fetal growth restriction [43] . However, we did not find a significant difference in the placental weight zscore between gastroschisis patients and controls. Stoll, et al. also reported that placental size was not reduced in a smaller series of gastroschisis cases [44] . These findings, if confirmed, suggest that the placenta may develop abnormally and lead to growth restriction in gastroschisis cases, but not in the manner seen with gestational hypertension. The exact mechanism by which growth restriction occurs in gastroschisis cases is not known. Carroll, et al. reproted diminished cord serum protein and elevated amniotic fluid protein in the amniotic fluid compared to omphalocele patients and controls [45] . Unfortunately, the patients and controls were not well matched with respect to gestational age, which could have affected the results. Protein loss through exudation of proteinaceous fluid from the intestine, which is often inflamed and exposed to the amniotic fluid throughout gestation, might well contribute to poor intrauterine growth, but probably would not account for chorangiosis. Chorangiosis provided indirect evidence of poor oxygen transfer from the placenta to the fetus. The presence of intestinal obstruction or dysfunction did not likely contribute to fetal growth restriction, since other GI anomalies, most of which were atresias, were not associated with decreased birth weight. It is possible that multiple mechanisms contribute to poor fetal growth in the presence of gastroschisis. Several limitations should be considered when interpreting our study. All cases were referred and do not represent population-based data. However, the demographic findings of our patients are similar to previous reports [2] [3] [4] [5] [6] . Another concern might be error in physical measurements obtained by clinical personnel. BW of gastroschisis patients could have been biased upward due to bowel edema or the bandages used to protect exposed intestine. However, nurses routinely weigh and subtract the weight of bandages when recording BW. Even if present, this bias would have reduced the observed BW difference between cases and controls and cannot explain our findings. Furthermore, measurements of LT and OFC, were also low and not as likely to have been influenced by the presence of gastroschisis. We were limited in the number of prenatal ultrasounds available for study. Patients were often evaluated and received their prenatal ultrasounds at satellite clinics. Only when patients received their prenatal ultrasound at the main perinatal center were the ultrasound data available to us. The strengths of this study are the large numbers of patients examined, the multiple approaches to quantifying the growth deficit and our examination of placental findings.
Conclusion
We report that relatively symmetric, intrauterine growth restriction occurs in almost all gastroschisis patients to some degree. These growth deficits are comparable to those seen in chromosomal disorders and are associated with decreased length and head circumference. Growth deficits increased from early in the second trimester until delivery, and in many cases continued through neonatal period. We found chorangiosis, a response to tissue hypoxia, to be more common in gastroschisis patients than in controls, which may implicate a placental contribution to growth restriction.
Abbreviations BW: birth weight; GI: gastrointestinal; g: grams; LT: crown-heel length; NICU: newborn intensive care unit; OFC: occipitofrontal circumference; PI: ponderal index; sd: standard deviation; SGA: small for gestational age
